Abstract. The aim of the present study was to determine the efficacy of quantitative measurements of the lacrimal gland based on 3-T magnetic resonance (MR) imaging in the diagnosis and staging of Graves' ophthalmopathy (GO). The study retrospectively enrolled 33 patients with GO (the GO group) and 24 healthy volunteers [the healthy control (HC) group] with orbit MR imaging performed using a 3-T MR scanner. Quantitative parameters of the lacrimal gland, including axial length, axial width, axial area, coronal length, coronal width, coronal area, volume and signal intensity ratio (SIR) of the lacrimal gland to the ipsilateral temporal muscle were measured. The difference of quantitative parameters between the GO and HC groups, or between active and inactive GO groups were evaluated using a Student's t-test. Receiver operating characteristic analyses were used to evaluate the diagnostic value of the significant parameters in discriminating patients with GO from healthy controls, or discriminating active from inactive GO. All the quantitative measurements of the GO patients were significantly larger than those of the healthy controls (P<0.05), with the exception of the coronal length (P= 0.150). Axial and coronal width had the best efficacy in discriminating patients with GO from healthy controls. Only SIR was found to be different between the active and inactive GO groups (P= 0.001). Setting a SIR of 2.57 as the threshold value, the optimal efficacy was achieved (area under the curve, 0.711; sensitivity, 57.7%; specificity, 77.5%) in discriminating between active and inactive GO. Quantitative measurements of the lacrimal gland based on 3-T MR imaging may assist in the diagnosis and stage of GO.
Introduction
Graves' ophthalmopathy (GO) is an autoimmune disease that accounts for 15-28% of unilateral exophthalmos and 80% of bilateral exophthalmos (1, 2) . In the early stage, patients with GO commonly complain of photophobia, excess tearing, grittiness and foreign-body sensations. Previous studies have indicated that the occurrence of these symptoms is associated with a widened vertical palpebral fissure and increased degree of exophthalmos (3, 4) . The changes of these anatomic parameters may accelerate the evaporation of tears, and subsequently lead to ocular surface damage and the occurrence of associated symptoms (3, 4) . However, decreased secretion of tears due to lacrimal gland involvement in patients with GO has also been viewed as a potential cause of associated symptoms in a number of studies (5) (6) (7) . Therefore, certain researchers have transferred their focus to the lacrimal gland, in attempts to clarify the morphological or functional changes of the lacrimal gland in patients with GO.
Previously, computed tomography (CT) imaging-based studies conducted by Harris et al (8) and Bingham et al (9) found that the morphological measurements of the lacrimal gland in patients with GO were significantly larger than those of healthy controls, which could assist in the diagnosis of GO. However, due to the lower soft tissue resolution and use of ionizing radiation, CT has been almost completely replaced by magnetic resonance (MR) imaging in the imaging examination of patients with GO. In addition, besides the diagnosis, the accurate staging of GO patients is also very important, considering that different treatment strategies are required for patients with active and inactive GO (10) (11) (12) Therefore, the present study aimed to determine the efficacy of quantitative measurements of the lacrimal gland in the diagnosis and staging of patients with GO, on the basis of 3-T MR imaging.
Materials and methods
Patients. The protocol of this retrospective study was reviewed and approved by the institutional review board of the First Affiliated Hospital of Nanjing Medical University (Nanjing, China). The requirement for written informed consent was waived due to the retrospective nature of the study. A retrospective review of the institution's database identified 38 consecutive patients with GO who had undergone MR imaging examination for pretreatment evaluation from June 2013 to December 2014. Among these patients, 33 patients (mean age, 48.4±13.9 years; male/female ratio, 12:21) were finally enrolled in the study based on the following inclusion criteria: i) Fulfillment of the criteria of the European Group on Graves' Orbitopathy (EUGOGO) for the diagnosis of GO (13); ii) no prior history of steroid therapy, radiotherapy or surgical decompression; and iii) adequate image quality for imaging assessment. All 33 GO patients had bilateral orbits involved, with a mean disease duration of 7 months (range, 1-24 months).
The assessment of disease activity was performed according to the modified seven-point formulation of the clinical activity score (CAS) (14) , including: i) Spontaneous retrobulbar pain; ii) pain on attempted up or down gaze; iii) redness of the eyelids; iv) redness of the conjunctiva; v) swelling of the eyelids; vi) inflammation of the caruncle and/or plica; and vii) conjunctival edema. The CAS is the sum of all items present, and assessment of disease activity was performed for each eye individually. Following assessment by an experienced endocrinologist, eyes with a CAS of ≥3 were accepted into the active stage group; otherwise, they were accepted into the inactive stage group. Finally, a total of 26 eyes were defined as active with a mean CAS of 4±1; the other 40 eyes were defined as inactive with a mean CAS of 1±1. In addition, 24 healthy volunteers (mean age, 50.0±12.9 years; male/female ratio, 8:16) were included in the healthy control (HC) group.
MR examination. MR examinations were performed with a 3-T MR scanner (Verio; Siemens Healthcare GmbH, Erlangen, Germany) with a 12-channel head coil. Imaging protocols comprises axial T1-weighted imaging [repetition time (TR)/echo time (TE), 600/10 msec], axial, coronal and sagittal T2-weighted imaging (TR/TE, 3,500-4,000/79 msec) with fat suppression (FS). The other detailed imaging parameters were as follows: Field of view (FOV), 200 mm; matrix, 384x384; slice thickness, 3 mm; gap, 0 mm.
Imaging processing. Due to the difficulty in distinguishing palpebral from orbital lobes on MR imaging, the lacrimal gland was viewed as a whole entity during the measurement (15, 16) . Quantitative measurements of the lacrimal gland were performed based on both coronal and axial T2-weighted imaging with FS, and the parameters included: i) Axial and coronal length, width and largest area of the lacrimal gland: according to the methods of Huang et al (16) , the axial and coronal image in which the lacrimal gland appeared the The axial image in which the lacrimal gland appeared the largest was chosen. Axial area of the lacrimal gland was obtained by manually delineating the gland border (Area). Axial length of the lacrimal gland was defined from the most anterior tip to the most posterior tip (DL). Axial width was measured from the lateral edge to the medial edge at its widest point perpendicular to the length line on the axial images (DW). Volume of lacrimal gland was obtained by a sum-of-area method. The SIR was calculated as the ratio of signal intensity of the lacrimal gland and adjacent temporalis muscle by applying a 'hotspot' ROI (usually 10-15% of whole cross-sectional area of lacrimal gland). The ROI placed on lacrimal gland demonstrated the portion of relatively higher signal intensity. SIR, signal intensity ratio; ROI, region of interest. Figure 2 . Coronal T2-weighted fat suppression imaging showing the methods of measurement of length, width and area of the lacrimal gland. The coronal image in which the lacrimal gland appeared the largest was chosen. Coronal area of the lacrimal gland was obtained by manually delineating the gland border (Area). Coronal length of the lacrimal gland was defined from the superior tip to the inferior tip (DL). Coronal width of the lacrimal gland was measured from the lateral edge to the medial edge at its widest point perpendicular to the length line on the coronal images (DW). largest was chosen. The axial and coronal largest areas of lacrimal gland were obtained using an operator-defined region of interest (ROI) approach ( Figs. 1 and 2 ). The axial length of the lacrimal gland was defined from the most anterior tip to the most posterior tip. The axial width was measured from the lateral edge to the medial edge at its widest point perpendicular to the length line on the axial images (Fig. 1) . The coronal length of the lacrimal gland was defined from the superior tip to the inferior tip. The coronal width of the lacrimal gland was measured from the lateral edge to the medial edge at its widest point perpendicular to the length line on the coronal images (Fig. 2) . ii) Volume of lacrimal gland: Following the delineation of the border of lacrimal gland in each section on the axial images, the gland volume was obtained from the sum of the areas multiplied by the slice interval (Fig. 1) . iii) Signal intensity ratio (SIR) of the lacrimal gland to the ipsilateral temporal muscle: The SIR was calculated based on signal intensity (SI) from fat-suppressed T2-weighted imaging, using the following formula: SIR = SI lacrimal gland /SI ipsilateral temporal muscle . The SI of the lacrimal gland and the adjacent ipsilateral temporal muscle was measured using a 'hotspot' ROI method (17) . The 'hotspot' ROI method meant that the area of the ROI was almost 10-15% of the whole cross-sectional area of the lacrimal gland (Fig. 1) . The ROI placed on the lacrimal gland demonstrated the portion having a relatively higher signal intensity.
A previous study indicated that there is no metrical difference between the left and right lacrimal gland of healthy control subjects (15) ; therefore, quantitative data of bilateral lacrimal glands in the control group were analyzed together in the present study. The quantitative measurements were performed independently by two neuroradiologists (with 3 and 15 years of experience, respectively), and the mean values of their measurements were used for further statistical analysis.
Statistical analysis.
Interobserver agreements between the two radiologists' measurements were assessed using the intraclass correlation coefficient (ICC). Numerical data were averaged and reported as means ± standard deviation. The Kolmogorov-Smirnov's test was performed to determine whether the quantitative parameters were normally distributed. The Student's t-test and Chi-square test were performed to compare the differences of age and gender between GO and HC groups. The Student's t-test was performed to compare all the quantitative measurements of the lacrimal gland between the GO and HC groups, or between active and inactive GO groups. Receiver operating characteristic (ROC) analyses were further used to evaluate the diagnostic value of the significant parameters in discriminating patients with GO from healthy controls, and discriminating active from inactive GO. P<0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA).
Results

Comparison of quantitative measurements between the GO and HC groups. Excellent interobserver agreement was achieved for all quantitative measurements (ICC>0.900).
No significant difference was found in either age or gender between the GO and HC groups (P>0.05). All quantitative measurements were significantly larger in the GO group than in the HC group (P<0.05), with the exception of the coronal length (P= 0.150). Detailed results for the comparisons of all quantitative measurements between the GO and HC groups are shown in Table I .
Diagnostic performance of quantitative measurements for discriminating between the GO and HC groups.
Axial and coronal width demonstrated the best efficacy in the discrimination of the GO group from the HC group (AUC=0.853 and 0.810, respectively). The AUC results that were determined using all the significant quantitative parameters in the discrimination between the GO and HC groups are shown in Table II .
Comparison of quantitative measurements between the active and inactive GO groups.
Only SIR demonstrated a significant difference between patients with active and inactive GO (P= 0.001). Detailed comparisons and P-values for the quantitative measurements between patients with active and inactive GO are displayed in Table III . Setting a SIR of 2.57 as the threshold value, the optimal diagnostic value was achieved (AUC, 0.711; sensitivity, 57.7%; specificity, 77.5%). The ROC curve using the SIR to discriminate active from inactive GO is shown in Fig. 3 . SIR indicates the signal intensity ratio of the lacrimal gland to the ipsilateral temporal muscle on fat-suppressed T2-weighted imaging. GO, Graves' ophthalmopathy; HC, healthy control.
Discussion
The present study evaluated the efficacy of quantitative measurements of the lacrimal gland, based on 3-T MR imaging, in the diagnosis and staging of GO patients. The results can be summarized as follows. First, the study showed that, with the exception of the coronal length, all other quantitative measurements of the lacrimal gland demonstrated a significant difference between the GO and HC groups. Among these measurements, the axial and coronal width of the lacrimal gland demonstrated the best diagnostic value for patients with GO. Secondly, it was found that the SIR of the lacrimal gland to the ipsilateral temporal muscle based on fat-suppressed T2-weighted imaging might be helpful in staging GO. To the best of our knowledge, the present study was the first to evaluate the efficacy of quantitative measurements of the lacrimal gland, particularly the SIR, in the discrimination between active and inactive GO.
The finding in the present study, that all quantitative measurements of the lacrimal gland in patients with GO, with the exception of coronal length, were significantly larger than those in the HC group, is similar to observations in previous studies (8, 9, 16) . Furthermore, ROC analyses showed that axial and coronal width demonstrated the best diagnostic value for GO patients. As to the reason, it might be due to the enlargement Figure 3 . Receiver operating characteristic curve regarding the use of SIR to discriminate active from inactive Graves' ophthalmology. Setting a SIR of 2.57 as the threshold value, the optimal stage value could be achieved (area under the curve, 0.711; sensitivity, 57.7%; specificity, 77.5%). SIR, signal intensity ratio of the lacrimal gland to the ipsilateral temporal muscle on fat-suppressed T2-weighted imaging. of the lacrimal gland in GO patients mainly occurring in the left-to-right direction, but not in the anterior-posterior or up-down direction, as shown by a previous study (16) . Another main finding of the present study was that SIR was the only significant quantitative parameter for distinguishing between active and inactive GO, while the other morphological measurements were not different between the two groups. By contrast, Huang et al reported that two-dimensional measurements of the lacrimal gland differed significantly between active and inactive GO groups (16) . However, only 24 GO patients were enrolled in their study, and the relatively small sample size might be responsible for the conflicting results between these two studies. In the present study, SIR was the only significant quantitative parameter for discriminating active from inactive GO. Concerning the possible reason, it is hypothesized that, in the active stage, the main physiopathological changes of the lacrimal gland include inflammatory infiltrations, proliferating fibroblasts and interstitial edema, which would increase the signal intensity of the lacrimal gland on fat-suppressed T2-weighted imaging (10, 12) . While in the inactive stage, the main physiopathological changes are lacrimal fibrosis, glycosaminoglycan deposition and fatty infiltrations, which would reduce the signal intensity of the lacrimal gland (10) (11) (12) . Thus, SIR could demonstrate a significant difference between active and inactive GO groups. ROC analysis indicated that an SIR of 2.57 might be the optimal threshold value for discriminating between active and inactive GO. Considering the relatively small sample size, the exact threshold value of SIR requires clarification in a further study with a larger sample size. We consider that our results could be a robust basis for further larger prospective studies.
In the present study, for further usage in a clinical setting, all the MR imaging-based quantitative measurements of the lacrimal gland were performed on the principle of 'simple and convenient', after reviewing several previous studies (8, 9, 15, 16) . The image section in which the lacrimal gland appeared the largest was selected for the measurement of gland width, length and largest area, and a sum-of-area method was applied for the measurement of gland volume. All the measurements were easily performed and reproducible. A 'hotspot' ROI approach was used during the calculation of SIR, similar to the method presented by Mayer et al (17) . Compared with the whole-area ROI approach, the 'hotspot' method might be less reproducible. However, the 'hotspot' method may better demonstrate focal inflammation, which is crucial in reflecting the local physiopathology of the involved lacrimal gland, particularly considering the heterogeneous changes in the MR imaging of GO patients (10) .
The present study has several limitations. First, the sample size was relatively small. However, we consider that the results could be a robust basis for further larger prospective studies. Secondly, the anatomical changes observed by MR imaging were not correlated with functional or pathological changes of the lacrimal gland. Further studies with a larger sample size are needed to associate the anatomical measurements of the lacrimal gland with functional or pathological assessment, so as to clarify the involvement of the lacrimal gland in the pathogenesis of GO from the viewpoint of imaging.
In conclusion, the present study showed that quantitative measurements of the lacrimal gland based on 3-T MR imaging, particularly the axial and coronal width, are able to assist in the diagnosis of GO. Furthermore, the SIR of the lacrimal gland to the ipsilateral temporal muscle based on fat-suppressed T2-weighted imaging might be helpful in staging GO. Therefore, it is suggested that, during the assessment of the MR imaging results of patients with GO, the lacrimal gland should be quantitatively measured, and viewed as a reference standard in the diagnosis and staging of GO.
